ABSTRACT: To elucidate how predation pressure on bacteria is affected by increasing productivity in aquatic systems, we ran model simulations of a microbial food web. In addition, we conducted a meta-analysis of data from studies in seas and lakes. The model was run as a flow-through system simulating conditions ranging from oligotrophic to hypertrophic. The organisms included in the model were heterotrophic bacteria, phytoplankton, 3 size classes of protozoa and metazooplankton. Predation pressure was defined as flagellate and ciliate grazing per bacterial biomass. The food-web model simulations showed increasing predation pressure on bacteria with increasing productivity (estimated chlorophyll a concentration 0.2 to 112 µg l -1
INTRODUCTION
Resource availability and predation are key factors affecting community structure and regulation of productivity in microbial food webs. It has been suggested that the availability of resources, or 'bottom-up' control of bacteria, dominates in low-productivity aquatic systems (Sommaruga 1995) and that the impact of predation (and viral lysis), or 'top-down' control of bacteria, dominates in high-productivity systems (Sanders et al. 1992) . These suggestions are supported by the observation that the ratio of protozoan to bacterial biomass increases from nutrient-poor to nutrient-rich waters (Auer et al. 2004 ). However, these observations provide only indirect evidence since protozoa may use alternative food sources such as small phytoplankton. Recently, an alternative hypothesis regarding the relationship between the nutrient status of aquatic systems and the relative importance of resource and predation control of heterotrophic bacteria was proposed (Gasol et al. 2002a) : that predation control of bacteria is stronger in low-than in high-productivity waters, and that resource control of bacteria dominates in high-productivity environments. This may occur due to cascade effects in the microbial food web. Effective control of heterotrophic nanoflagellates by ciliates in eutrophic systems might release bacteria from predation pressure, leading to bottom-up control of the bacterial community.
An immediate effect of increased nutrient load in aquatic systems is increased growth of the basal re-sources in the food web, i.e. phytoplankton and heterotrophic bacteria (Cole et al. 1988) . Increases in basal productivity cascade up through the food web via the predator-prey chain, possibly resulting in increased predation on bacteria and phytoplankton. If the food web is linear and prey organisms do not develop predation defense mechanisms, the top predator would exhibit an increase in biomass with increasing productivity, while lower trophic levels might exhibit alternating responses in biomass levels (according to the exploitation ecosystem hypothesis) (Oksanen et al. 1981 , Thingstad & Sakshaug 1990 ). Thus, mechanisms controlling the structure of the microbial food web would shift between predation and resource control at different trophic levels. However, several mechanisms are known to modify this simple pattern: omnivory is common in aquatic food webs, increasing the complexity of trophic interactions (Diehl 2003) . Introducing heterogeneity of trophic levels alters the response to increasing productivity compared to the predictions made by the exploitation ecosystem hypothesis (Leibold 1989 , Abrams 1993 . Furthermore, predation defense mechanisms are common in phytoplankton and bacterial communities in nutrient-rich waters, possibly as a response to increased predation pressure (Jürgens & Güde 1994 , Rousseau et al. 2000 . In a microcosm study, Hall et al. (2006) showed that an inedible producer influenced the degree of top-down versus bottom-up regulation of a 2-level community. These observations suggest that if increased nutrient availability leads to increased predation and the development of general predation defenses in the lowest trophic levels, then bottom-up or resource control is likely to occur in nutrient-rich systems. This would lead to reduced efficiency of energy transfer within the food web. Taken together, top-down and bottom-up regulation should be considered as balancing processes regulating communities depending on the environment (Bell 2002) .
The aim of the present study was to determine whether predation pressure on heterotrophic bacteria is affected by the nutrient status of the aquatic ecosystem. Predation pressure on bacteria was defined as total predation per bacterial biomass. The main hypothesis was that the predation pressure on bacteria increases with increasing productivity of the system. A possible alternative was that predation pressure decreases with productivity as a result of cascade effects and effective control of major bacterivores or as a result of the development of general predation defense mechanisms within the bacterial community. Our strategy was to combine model simulations with a meta-analysis of field data relating to productivity gradients. We used an ecosystem model based on flows of carbon, nitrogen and phosphorus within a size-structured microbial food web. Five trophic levels, ranging from bacteria-algae to metazooplankton, were included. Nutrient uptake was based on diffusion limitation, photosynthesis rates were based on light assimilation and predation was based on clearance rates. Available literature data on protozoan predation on bacteria in different aquatic systems was used in the meta-analysis.
MATERIALS AND METHODS
Model structure. A size-structured food web model, comprising 5 trophic levels, was used in the simulation experiment ( Fig. 1 ) (food web model available from www.bioras.com/). The food web was based on generic organisms representing bacteria, phytoplankton, protozoa and metazooplankton (Fig. 1 , Tables 1 & 2) . When designing the food-web model we aimed for simplicity; therefore the model was based mainly on physical constraints. Only a few empirical parameters were used. The organisms were defined by their cell radius, carbon density and C:N and C:P ratios. The processes driving the model were primary production (PP), osmotrophy (J d ), respiration, resting metabolism (C Met ) and predation (Pred). We ensured the general applicability of the model by careful design and selection of parameters. The ecosystem model was implemented in a System Dynamics environment as described by Blackburn et al. (1997) . The ecosystem model was designed as a population dynamic model in a homogeneous volume of water, without spatial resolution. Therefore no random movement of organisms was incorporated. Phytoplankton PP was calculated on the basis of light absorption. Assuming non-limiting inorganic carbon conditions, organic carbon production by algae was defined as:
where PP (µmol C h ). Phytoplankton maximal photosynthetic quantum yield (Φ max ) was set to 0.013 mol C mol quanta -1 (Sakshaug et al. 1991b ). The rate of phytoplankton and bacterial nutrient uptake via osmotrophy was defined by the molecular diffusion of the substrate:
where
) was the diffusive flux of the substrate, r (cm) the radius of the organism and D the diffusion constant. D was 3.6 × 10 -2 cm 2 h -1 for inorganic nitrogen and phosphate and dissolved organic carbon (DOC) (Jumars et al. 1993) . C (µmol cm -3 ) was the concentration of the substrate. Inorganic nutrients were required for growth of primary producers and bacteria, and DOC was required for bacterial growth. Uptake of inorganic nutrients and carbon was always based on the atomic ratio of the organisms (Tables 1 & 2) . The nutrient-limited PP (PP nutrient lim ) was calculated on the basis of PP and phytoplankton nutrient uptake. The most limiting of the factors defined the PP nutrient lim :
The net PP by phytoplankton (PP net ) represents the CO 2 assimilation rate and was calculated on the basis of the lowest of PP and PP nutrient lim . Exudation of DOC by phytoplankton was defined as PP minus PP nutrient lim . Thus, the model simulated an ideal situation, where organic carbon exudates were only produced during nutrient limitation (Myklestad 1995) . Maximum bacterial production (BP max , µmol C l -1 h -1 ) was calculated from the maximal specific bacterial growth rate (μ max = 0.25 h -1 ) (Kemp et al. 1993 ) and the bacterial biomass (BM bact , µmol C l ) was calculated on the basis of the most limiting nutrient, bacterial biomass and substrate diffusion. The most limiting nutrient (organic C, N or P) was determined by calculating the ratios between bacteria and growth Fenchel (1987) , Hansen et al. (1997); Percentage of uptake that is lost (Strom et al. 1997) Harris (1986) medium C:P and C:N. The lowest ratio of the two was used to calculate the gross production from the potential production:
The gross BP was corrected for respiration (60%) (Zweifel et al. 1993 ). The particulate, organic and inorganic nutrient pools were updated accordingly. The net BP (BP net , µmol C l -1 h -1
) was defined as the lower of either BP nutrient lim or BP max . Resting carbon metabolism for all organisms (C Met , µmol C l -1 h -1
) was defined as biomass respired per unit time:
where the resting metabolism (Met R , h -1
) was set as being equivalent to mitochondrial respiration or dark respiration for primary producers (Tables 1 & 2 ) (Sakshaug et al. 1991a ) and BM was the organism carbon biomass (µmol C l -1
). The biomass of each organism group was integrated over time (Eq. 7), and depended on growth rate, respiration, grazing and photosynthesis for the primary producers. Mass was conserved in the model reactions, except in processes such as PP, where mass was added. The simulator integrated values in steps of Δt (corresponding to 0.005 h).
Protozoan and metazoan predation (Pred, µmol C l , respectively) (Fenchel 1987 , Hansen et al. 1997 ) and the biomass of the prey (BM Prey , µmol C l -1 ):
Each predator grazed on 1 size group below its own size ( Fig. 1) . During protozoan and metazoan grazing, 40% of the ingested cell material was lost to respiration and 20% as a result of sloppy feeding ( Fig. 1 ) (Straile 1997 , Strom et al. 1997 .
Model simulation. Nineteen simulations were performed, simulating conditions from ultraoligotrophic to hypertrophic. The model was designed as a flowthrough system with a daily water exchange of 10%. Eutrophication was caused by loading of dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorous (DIP) at a constant ratio (N:P = 39). DIN enrichment varied between 1.04 × 10 -3 and 6.25 µmol l , which is a normal average light level in the photic zone and in the linear part of the light-response curve (Andersson et al. 1994 ). In the simulations, these light conditions were present for 12 h d . In all simulations the growth rates of protozoan predators (Pred I, II and III) and metazooplankton (Pred IV) were below their maximum (i.e. <1.55 and < 0.06 d -1 for protozoa and metazooplankton, respectively). The simulations were run consecutively from ultraoligotrophic to hypertrophic conditions, and each simulation was initiated with the end values of the previous simulation. All simulations were run for 365 d, at which point all simulations appeared stable (see Fig. 2) . Average values and SDs for the last 30 d of the simulation runs were calculated for different response variables, e.g. biomasses, production and predation. Estimated chl a concentrations were used as a descriptor for system productivity, and were calculated from phytoplankton carbon biomass (Wienke & Cloern 1987) :
Protozoan predation pressure on bacteria (PPrP bact , h -1 ) was defined as the ratio between predation on bacteria (Pred bact , µmol C l -1 h -1
) and bacterial biomass (BM bact, µmol C l -1 ):
Compilation of field data. In order to evaluate the model output and the relationship between aquatic productivity and predation pressure on bacteria, we searched the recent literature for data on bacterial biomass, production and protozoan predation along with data on chlorophyll a (chl a) (Table 3) . Chl a was used as an indicator of aquatic productivity since it is widely used and reported in most field studies. Fifteen marine and freshwater studies, which included all the required response variables and chl a values > 0.1 µg l -1 , were included in the analysis. Data from the phototrophic layer and the productive season were used. Most studies contained more than 1 measurement, and all data points (a total of 55) were included in the metaanalysis. In the papers considered, bacterial and protozoan abundances were determined using fluorescent staining methods and epifluorescence microscopy. When necessary, bacterial abundance was converted to biomass (µg C l -1 h -1 ), assuming 20 fg C cell -1 (Lee & Fuhrman 1987) . In a few cases protozoan biomass was calculated from abundances, using fixed biovolumes (flagellates, 58 µm (Table 4) (Wieltschnig et al. 1999 (Wieltschnig et al. , 2003 . BP was generally measured using the 3 H-thymidine technique (76% of the data), but in some studies 3 H-leucine and 14 C-leucine were used (Table 4) . For 55% of the data, protozoan predation was measured using fluorescently labeled bacteria (FLB). In other cases fluorescently labeled microbeads (FLM) and radio-labeled bacteria (RLB) were used (Table 4) . When only daily values for protozoan predation and BP were available, hourly rates were calculated by dividing the data by 24. dBM dt 
Statistical analysis.
Linear regression was used to analyze how the response variables could explain the predation pressure on bacteria in the model simulation and in the meta-analysis (SPSS 11 for Windows). All data were log-transformed prior to statistical analysis.
RESULTS

Model simulations
The average concentrations of total phosphorus in the simulations ranged from 0.07 to 394 µmol P l -1 , corresponding to ultra oligotrophic and hypertrophic conditions, respectively (Klapper 1991). Estimated chl a concentrations ranged from 0.2 to 112 µg l -1 . Total P concentrations were strongly correlated with chl a concentrations (chl a = 0.283 × total P + 0.141, r 2 = 0.999, p < 0.01). All simulations appeared stable at the end of the 365 d runs (Fig. 2 ). In the model simulation, the bacterial biomass increased 100-fold with increasing chl a concentration. However, over medium chl a concentrations (~3 to 11 µg l -1 ), corresponding to mesotrophic conditions (Klapper 1991), the bacterial biomass remained stable (Fig. 3, right-hand panels) . BP and predation from predator I also increased with increasing system productivity. The specific growth rate of bacteria increased with productivity to medium chl a concentrations (~11 µg l In situ measurement using Fluoro Probe concentration to the medium concentrations (~11 µg l -1 ) (Fig. 3 , right-hand panels). The ratio of predators to bacterial biomass exhibited a hump-shaped pattern with a maximal ratio at medium chl a concentrations (~11 µg l -1 ). Thus, increase in predation pressure along the nutrient gradient could mainly be explained by the increase in predator biomass and BP (r 2 = 0.998 and 0.896 for linear and hyperbole regression, respectively, p < 0.01) (Fig.  4c,d ). The biomass of small protozoa (protozoan predator I) increased over the same nutrient range, while the biomass of intermediate-sized protozoa (protozoan predator II) increased stepwise with increasing system productivity (Fig. 5) . Biomass of predator III, i.e. large-sized protozoa, was relatively stable over the entire nutrient range. Further, the biomass of zooplankton (predator IV) increased over the nutrient range.
Meta-analysis of field data
The aquatic environments studied represented a large productivity range (Table 3 , Fig. 3 , left-hand panels), with chl a concentrations ranging from 0.1 to 280 µg l -1 , corresponding to oligotrophic to hypertrophic conditions (Klapper 1991). Thus, the field study covered a wider productivity range than the model simulations. The meta-analysis showed that bacterial biomass increased 10-fold and BP 1000-fold over the productivity range (Fig. 3, left-hand panels) . Consequently, the specific growth rate of bacteria (or BP per unit of biomass) increased over the range. Protozoan predation on bacteria increased 1000-fold and predation pressure on bacteria (predation per unit of bacterial biomass) 100-fold over the productivity range. In accordance with these results, the ratio of protozoan to bacterial biomass increased over the range, indicating increasing importance of predation in structuring the bacterial community with increasing nutrient availability. The observed increase in predation pressure along the productivity gradient could mainly be explained by the increasing predator biomass and BP (r 2 = 0.350 and 0.489, respectively, p < 0.01) (Fig. 4 a,b) . 
DISCUSSION
Both the model simulation and the meta-analysis of field data showed an increase in the specific growth rate of bacteria and predation pressure on bacteria with increasing productivity (10-and 100-fold, respectively). Hence, the predators (predator I in the model, flagellates and ciliates in the meta-analysis) were efficiently consuming the increase in BP that followed the increase in nutrient availability to eutrophic conditions. This resulted in a hump-shaped ratio of protozoan to bacterial biomass in the model simulation, similar to that observed in the meta-analysis. Thus, the food-web model predicted an increase in predation pressure, i.e. predation control of bacteria along aquatic productivity gradients with maximum predation control under mesoeutrophic conditions, which was verified by the metaanalysis of field data.
The food-web model simulation resulted in elevated biomass of the top predators (metazooplankton) and varying increases in the 4 lower trophic levels in response to increased productivity, partly similar to that predicted by the exploitation ecosystem hypothesis (Oksanen et al. 1981 , Thingstad & Sakshaug 1990 ). The results of our food-web model were not in agreement with the results presented by Gasol et al. (2002a) , suggesting that flagellate predation controls bacteria in low productivity conditions. However, only flagellate predators were included in that study. Many protozoa utilize other food sources, and omnivory is quite common in the protozoan community, especially among ciliates (Fenchel 1987) . Increasing ciliate biomass would influence both predation on flagellates and competition for their bacterial resource. It has been suggested that metazooplankton regulate the ciliate community in aquatic systems (Jürgens et al. 1999) . In high-productivity and turbid environments, however, large metazooplankton especially are inefficient predators and ciliates are released from predation control (Porter & McDonough 1984) . Omnivorous ciliates and metazooplankton can be important predators of bacteria and the impact of these groups of predators on bacteria may increase in more productive aquatic systems (Jürgens 1994 , Zingel et al. 2007 ). We only included small protozoa (e.g. heterotrophic nanoflagellates) as bacteriovores in our model. Despite this simplification we found that the predation pressure on bacteria was similar in the model simulations and in the meta-analysis. Thus, using our generalized model, we were able to simulate the predation pressure on bacteria in marine and freshwater systems and in oligotrophic through to eutrophic conditions. Even though our model did not include fish, the main response variable, i.e. predation pressure on bacteria, showed a similar response to increased productivity as that determined from the meta-analysis of field data. Since fish were a component of the studied natural aquatic systems, the results of our model may also be valid for ecosystems containing trophic levels higher than metazooplankton.
The model simulations resulted in lower rates of BP and predation compared to the meta-analysis (a factor of 100). This may partly have been caused by the relatively short residence time of the water in the model simulations (10 d). In natural aquatic systems the water residence time can often be months or years. In the model simulations the organisms did not have time to build up large biomasses before they were washed out of the system. When designing the food-web model, we chose to use published empirical parameters. Thus, parameters like bacterial C:N:P uptake rate, growth efficiency and photosynthetic efficiency were not optimized with parameter selection. Despite the shortcoming in mimicking productivity and biomass rates from the meta-analysis, we successfully modeled the main analysis variables of this study, i.e. predation pressure on bacteria and the ratio of protozoa to bacteria biomass. Furthermore, the bacteria-specific growth rates were successfully predicted along the productivity gradient. This shows that the model gave a realistic prediction of the dynamics within the pelagic food web, which was sufficient for this study. A majority of previous theoretical approaches to aquatic food-web dynamics and trophic interactions have been carried out using linear lumped-parameter models and a maximum of 3 trophic levels (Leibold 1989 , Sanders et al. 1992 , Abrams 1993 , Thingstad & Havskum 1999 , Gasol et al. 2002a . Compared to previous studies on bacterial predation pressure (Sanders et al. 1992 , Gasol et al. 2002a , we included omnivorous predators and covered a wider productivity range (oligotrophic to hypertrophic conditions) in our meta-analysis as well as in our simulations. The food-web model is based on physical constraints and published empirical parameters, while other models, e.g. lumped -parameter models, are based on differential equations and parameter selection (Leibold 1989 , Sanders et al. 1992 , Bohannan & Lenski 2000 . Interestingly, both the ecosystem model and the lumped-parameter models show an increasing importance of predation control of the basal trophic levels with increasing productivity of the system. Thus, the food-web structure seems to be more important than the choice of modeling approach when modeling population dynamics. The meta-analysis of field data showed that the increase in protozoan predation over the productivity range (685×) exceeded the increase in bacterial biomass (44×, Table 3 ), indicating that predation pressure on bacteria was controlling the bacterial community in the eutrophic environments. The increase in predation pressure on bacteria was best explained by an increase in BP, but also by an increase in predator biomass. According to Wright & Coffin (1984) , a negative relationship between bacterial growth rate and bacterial abundance indicates that the bacteria are resource-limited. Thus, if bacterial growth rate and abundance are not related, the bacteria might be limited by predation (Wright & Coffin 1984) . We did not observe a decrease in the relationship between bacteria-specific growth rates and bacterial biomass over the nutrient range, suggesting that the bacterial communities were predator-limited.
In the meta-analysis, BP increased with increasing productivity of the aquatic system. This is in agreement with a previous study, where a positive correlation between BP and PP was observed in freshwater and marine ecosystems (Cole et al. 1988 ). In a lowproductivity aquatic system, flagellates have been shown to be mainly resource-limited or -controlled (Berglund et al. 2005) . This indicates that the biomass resulting from an increase in bacterial productivity is consumed by the flagellates, and the bacterial biomass thus remains unchanged. This hypothesis has been tested in enclosure experiments, where BP increased markedly in response to addition of carbon and nitrogen while the bacterial biomass was unaltered (Kuuppo et al. 2003) . The increased bacterial productivity resulted in an increased biomass of the highest trophic level in that study, i.e. the ciliate community. In our meta-analysis we also found an increase in the ratio of protozoan to bacterial biomass. Our results are in agreement with a field study of 55 lakes in northern Germany, where both flagellate and ciliate predators were included (Auer et al. 2004 ). The ratio of BP to protozoan predation showed no trend, either increasing or decreasing, over the nutrient range (data not shown). The ratio was on average ~1, indicating that protozoa constituted the main predators on bacteria. This is in accordance with a study in which BP and bacterial loss rate as a result of flagellate predation were shown to be balanced (Sanders et al. 1992) . All data used in our meta-analysis were collected during the productive season. However, the occurrence of short-term predator-prey oscillations, as well as the seasonal succession in aquatic environments, might contribute to scatter in the data set. Other sources of scatter in the data might be the differences between the studies in the measurement of bacterial and protozoan response variables.
An increase in protozoan predation pressure is likely to trigger inducible defense mechanisms in the bacterial community (Jürgens & Güde 1994) . It has been shown previously that bacteria become more predation-resistant along aquatic productivity gradients (Thelaus et al. 2008) . Bacteria may respond to high predation pressure by developing a wide diversity of predation resistance mechanisms, which either prevent their capture and ingestion by protozoa or hinder their degradation within the protozoa (Matz & Kjelleberg 2005) . This, in turn, would lead to a higher bacterial biomass at equilibrium (Vos et al. 2004 ). This might explain the increase in bacterial biomass observed over the productivity range in the meta-analysis. In our model simulations, which did not include the possibility of inducible defense mechanisms, the bacterial biomass increased from low to medium productivity levels, was nearly constant at intermediate productivity and then increased in the simulations of hypertrophic environments.
The presence of a high proportion of predation-resistant bacteria may lead to reduced regeneration of bacteria-bound nutrients and trophic transfer efficiencies in the food web (Jürgens & Güde 1994) . The observed increase in predation pressure on bacteria with increasing productivity might also apply to other basal resources in the food web, e.g. primary producers. One indication that this is the case is that blooms of toxic inedible phytoplankton are more common in eutrophic than in nutrient-poor waters (Paerl et al. 2001) . The presence of inedible phytoplankton may in itself determine the influence of top-down versus bottom-up forces on a community (Bell 2002) . The correlation between increasing predation pressure and the initiation of defense mechanisms by bacteria and phytoplankton indicates that there is a trade-off when expressing these mechanisms (Jürgens & Güde 1994) . Predation pressure must be strong enough to make it of evolutionary benefit for the organism to express energetically costly mechanisms to resist predation. Our study suggests that high-productivity aquatic environments constitute such situations.
In conclusion, we present a food-web model that is able to predict the predation pressure on bacteria over a productivity range, producing similar results to those derived from a meta-analysis of field data. In the model as well as in the meta-analysis of field data we found an increasing importance of protozoan predation in controlling the bacterial community with increasing productivity. Increasing predation pressure on bacteria along eutrophication gradients may be an important ecological mechanism that can lead to the evolution and occurrence of predation-resistant bacteria in highproductivity aquatic environments. 
